ABSTRACT DNA methyltransferases (MTases) are sequencespeci®c enzymes which transfer a methyl group from S-adenosyl-L-methionine (AdoMet) to the amino group of either cytosine or adenine within a recognized DNA sequence. Methylation of a base in a speci®c DNA sequence protects DNA from nucleolytic cleavage by restriction enzymes recognizing the same DNA sequence. We have determined at 1.74 A Ê resolution the crystal structure of a b-class
INTRODUCTION
DNA methyltransferases (MTases) form an important class of enzymes found in all three kingdoms of life (1±3). These sequence-speci®c enzymes transfer a methyl group from S-adenosyl-L-methionine (AdoMet) to the amino group of either a cytosine or an adenine within a recognized DNA sequence. In bacteria, DNA MTases together with endonucleases (DNA restriction enzymes) comprise restriction± modi®cation (R±M) systems that act as a kind of an immune system that protects against foreign DNA invasion (reviewed in 3, 4) . At present, more than 3500 R±M systems have been discovered in prokaryotes (5) . It has been shown that methylation of an adenine or a cytosine base in a speci®c DNA sequence protects DNA from nucleolytic cleavage by the corresponding restriction enzymes recognizing the same DNA sequence (3, 4) . In cells, DNA MTases are predominantly found associated with host DNA, whereas endonucleases are located close to cell walls (6) . These localizations enhance protection of the host DNA from cleavage by their own restriction enzymes and protect the organism from invasion of phage and other DNA. Besides R±M systems, bacterial DNA MTases are involved in the initiation of DNA replication, DNA mismatch repair (Dam and Dcm MTases in Escherichia coli) and the regulation of expression of some genes (Caulobacter crescentus M´CcrMI) (reviewed in 3, 7, 8) .
All bacterial DNA MTases show a high similarity in their overall architecture which consists of an array of 10 well preserved amino acid sequence motifs in cytosine MTases (9) and nine in adenine MTases (10) . Based on the linear order of the motifs, MTases were divided into three groups, a, b and g (10) . Generally, differences in the motif order re¯ect changes in the relative order of the three main regions of MTases: the AdoMet-binding region, the catalytic region and the target recognition region (TRD). The AdoMet-binding region corresponds to the motifs I, II, III and X. The catalytic region covers the motifs IV±VIII. The TRD sequence is responsible for recognition of speci®c DNA sequences and is usually located within the longest gap between motifs (10, 11) . Surprisingly, adenine and cytosine MTases do not form separate structural groups regarding motif order.
To date, 20 MTases structures have been determined of which six are from a bacterial source namely, M´DpnII (12) , M´HaeIII (13) , M´HhaI (14) , M´PvuII (15) , M´RsrI (16) and M´TaqI (17) . Three of these structures, M´HaeIII (13) , M´HhaI (18) and M´TaqI (19) , have also been determined in complex with DNA. Other structures determined include the human Dnmt2 DNA MTase as well as protein MTases, RNA MTases, small molecule MTases and MTases with no recognized speci®city. All of these structures share a well conserved core structure of a mixed seven-stranded b-sheet referred to as thè AdoMet-dependent MTase fold' (1, 20) .
Here, we present the 1.74 A Ê resolution three-dimensional structure of the b-class DNA M´MboIIA from Moraxella bovis in complex with AdoMet. The enzyme methylates the 3¢ adenine in the pentanucleotide sequence 5¢-GAAGA-3¢. This is the ®rst reported DNA MTase structure for enzymes recognizing asymmetric DNA sequences and the structure of the smallest DNA MTase determined to date. start codon and immediately downstream of the translation stop codon, respectively, and cloned between the NdeI and EcoRI sites of the pET24a vector (Novagen). Expression of the protein in E.coli strain BL21[DE3] carrying the pLysS vector (Novagen) was induced with isopropyl-b-D-thiogalactoside. Cells were harvested after 4 h of culture at 37°C, suspended in 10 mM potassium phosphate buffer pH 7.0, 50 mM KCl, 0.1 mM EDTA, 10 mM b-mercaptoethanol and lysed by sonication. After centrifugation, the lysate was loaded on a P-11 phosphocellulose column and chromatographed with a KCl gradient from 0.05 to 0.8 M. Fractions containing the protein were dialyzed against 20 mM Tris±HCl buffer pH 7.2, 80 mM KCl, 0.1 mM EDTA, 1 mM DTT and then incubated on ice for 1 h with the addition of AdoMet (Sigma) in an~10-fold molar excess with respect to the enzyme concentration. The protein solution was loaded on a FPLC Mono-S column and eluted with a gradient of 0.08± 0.5 M KCl in dialysis buffer. The pure protein was concentrated, with simultaneous buffer exchange to 5 mM Tris±HCl pH 7.4, 100 mM KCl, 2 mM DTT, using Ultrafree centrifuge ®lter devices (10 kDa cut-off; Millipore). Selenomethionine (SeMet)-labeled M´MboIIA was prepared by a standard procedure using methionine biosynthesis inhibition (21) .
MATERIALS AND METHODS

Over-expression and protein puri®cation
Determination of protein dimerization
Cross-linking of proteins was carried out essentially as described in Liberek et al. (22) , except that 20 ml reaction mixtures were used with the addition of 1.75 ml of 2% glutaraldehyde. Size exclusion chromatography was performed on a Superdex 75 HR10/30 column (FPLC, Pharmacia) in 25 mM HEPES buffer pH 7.4, 180 mM KCl and 5 mM b-mercaptoethanol at a¯ow rate of 0.3 ml/min. Dynamic light scattering (DLS) measurements were done using a DynaPro-MS instrument (Protein Solutions Ltd) with protein concentrations in the range of 1±4 mg/ml. Chymotrypsynogen A (25 kDa), ovalbumin (43 kDa) and albumin (67 kDa) from the LMW Gel Filtration Calibration Kit (Pharmacia) were used as standards for both the size exclusion chromatography and DLS experiments.
Crystallization and data collection
Crystallization trials were carried out for both the native and SeMet-labeled M´MboIIA protein using the hanging drop vapor diffusion technique. Initial conditions for crystal growth were screened using the sparse-matrix approach using commercial screens from Hampton Research. The results of these trials led to conditions which were then optimized to improve crystal quality. The best crystals were grown from hanging drops prepared by mixing equal volumes of 0.5 mM protein solution (in 5 mM Tris±HCl, pH 7.5, 75 mM KCl, 1 mM DTT) with a crystallization solution (100 mM Bicine pH 8.4, 4% polyethylene glycol monomethyl ether 5000, 50 mM KCl, 50 mM NaCl and 1 mM DTT) and were equilibrated against 1.0 ml of crystallization solution at 277 K. SeMet-labeled protein was crystallized in the same conditions using a protein concentration of 0.2 mM. For data collection, crystals were brie¯y rinsed in a cold cryoprotectant solution that was prepared by including 25% ethylene glycol in the crystallization solution and¯ash frozen in liquid nitrogen. Diffraction data were collected using the SBC-1 3 Q 3 CCD detector (23) at 100 K at the 19ID beamline of the Structural Biology Center at the Advanced Photon Source, Argonne National Laboratory. Multi-wavelength anomalous diffraction (MAD) data were collected at three wavelengths to a resolution of 2.75 A Ê in a manner similar to that previously described (21) . All data were processed and scaled using the HKL2000 suite (24) . The crystal parameters and data collection statistics are summarized in Table 1 .
MAD phasing and structure determination
The structure of M´MboIIA was determined using MAD phasing to 3.5 A Ê and subsequent phase extension was carried out against 1.74 A Ê resolution native data. The protein crystallizes with two molecules in the asymmetric unit, providing a total of 12 selenium sites for use in phasing. Eight of these selenium sites were located using a Patterson search method implemented in the CNS suite (25) . MAD phases were calculated with the program MLPHARE of the CCP4 program suite (26) . Solvent¯attening and histogram matching along with phase extension to 1.74 A Ê were performed with the program DM of the CCP4 program suite (26) . These phases were input into the program ARP/wARP 5.0 (27) as a starting phase set for automatic chain tracing by wARPNtrace. The auto-tracing procedure succeeded in providing a model that was~70% complete. This was used as a starting model for re®nement against the native 1.74 A Ê data using the restrained maximum likelihood method as implemented in REFMAC (28) with a bulk solvent correction and overall anisotropic scaling. Difference electron density maps were used to guide completion of the model building manually with the program O (29) . The high quality of the data allowed the identi®cation of amino acid residues with alternate conformations. Partial occupancies for these residues were calculated using SHELXL (30) . Furthermore, based on electron densities, two sequence errors were observed at positions 51 and 111 in the sequence deposited in GenBank (gi:127465): Pro51 and Gly111 are actually alanine and arginine residues, respectively. To exclude the possibility of errors, sequencing of the PCR product DNA of genomic M.bovis DNA was repeated twice. This con®rmed the sequence determined from our electron density maps. These changes may re¯ect that either our bacteria strain is different from the one used originally for DNA sequencing (31) or that the sequence submitted to GenBank contains these two errors, probably due to DNA compression resulting from a high GC content in questionable DNA fragments. Structure alignment and root mean square deviation (RMSD) calculations were done using the program LSQMAN (32). Secondary structure assignment was performed using the program PROMOTIF (33) .
RESULTS AND DISCUSSION
Quality of the model and description of the structure
The structure of full-length M´MboIIA (260 amino acids) was determined by SeMet MAD phasing to 3.5 A Ê with subsequent phase extension performed to 1.74 A Ê using native diffraction data. Extension of the phase information against the native 1.74 A Ê data allowed the use of automatic chain tracing with the warpNtrace procedure, similar to the procedure described recently (34) . This gave a model consisting of nine chains composed of 373 of the 520 total residues present in the asymmetric unit (71.7%). The ®nal electron density maps were of high quality ( Fig. 1 ), resulting in a re®ned model with an R-factor of 19.8% and an R free of 22.1%. This model consists of 238 amino acid residues in protein chain A, 228 amino acid residues in protein chain B, two AdoMet molecules, two sodium ions and 361 water molecules. Both amino acid chains commence with an N-terminal methionine. Amino acid residues 178±193 and four residues at the C-terminus, 257±260, could not be modeled due to the poor quality of the electron density. Five residues (Ser176, Gln256 in chain A and Ser176, Ser177, Gln256 in chain B) were modeled using partial occupancy. Seventeen amino acid side chains (residues Leu16, Asn47, Glu48, Ile97, Ser107, Lys124, Lys155, Arg199, Ile238 in chain A and Met10, Glu20, Ile29, Glu48, Arg55, Arg167, Glu245, Gln249 in chain B) showed alternate conformations.
The two monomers present in the asymmetric unit are very similar, except for several loop regions (most noticeably residues 101±115 and 136±169). Least squares superposition (32) of the two subunits, excluding residues 104±107, 139 and 163±165 gave a RMSD of 0.25 A Ê . A summary of the crystallographic data is given in Table 2 . The overall structure of M´MboIIA is shown in Figures 2  and 3 . The central part of the structure is a mixed eightstranded b-sheet with a strand order of b3, b2, b1, b4, b5, b7¯, b6 and b8¯anked by three a-helices, A, B and Z, on one side and three a-helices, E, D and C, on the other side. The a-helices F and F1 are placed outside the core structure on a protruding arm which is a part of the proposed DNA-binding region referred to as the TRD. The MTase cofactor, AdoMet, is bound in a cavity in the main body of the structure between a-helices A, C and D (Fig. 2 ). This structure resembles other known structures of MTases and comprises the common structure core, referred to as the`AdoMet-dependent MTase fold' (1, 20) .
Structure similarity analysis using the program DALI (35) showed that the structure resembles most M´RsrI (16) with a Z-score of 25.2 (strength of structural similarity in standard deviations above expected) and RMSD (of superimposed atoms in A Ê ) equal to 2.8 for 238 equivalenced residues which displayed 33% sequence identity between the two proteins. The second highest scoring match was for M´PvuII DNA MTase (15) with a Z-score and RMSD of 22.8 and 2.1, respectively, for 270 residues displaying 23% sequence identity. The subsequent structures in the comparison list had Z-scores below 5.5. RMSD calculations performed by DALI included the full amino acid sequences. The similarities of the MTase structures are better illustrated by least-squares superpositions of the structures as performed by the program LSQMAN (32) . In the case of the M´MboIIA and M´RsrI structures the least-squares alignment matched 187 residues in the two structures with a RMSD of 1.276 A Ê (for Ca atoms).
Comparison of M´MboIIA with M´PvuII and M´TaqI structures gave RMSD values of 1.389 and 1.767 A Ê , respectively (for 188 and 97 matching residues, respectively).
Despite the close similarity to M´RsrI, the MboIIA MTase structure shows several distinct features. Due to the smaller size of M´MboIIA, b-strand 9 and a-helix H formed by the C-terminal part of M´RsrI are not present in our structure which lacks these residues. The M´MboIIA is less structured in the region made up of residues 161±166 where the corresponding region of M´RsrI forms a-helix G. This region forms a protruding loop in M´MboIIA and could be deformed by crystal packing. The most notable difference between M´MboIIA and other MTase structures occurs at the cofactor-binding site and is discussed below.
M´MboIIA dimer
In all the reported structures of MTases complexed with DNA, the enzymes bind to DNA as a monomer (13, 18, 19) . This is in agreement with the observation that a typical MTase DNA substrate is hemimethylated; therefore, it is asymmetric and needs only a single methyl transfer to return to the fully methylated state (4). Indeed, it has been shown that MTases are monomers in the presence of DNA. For example, the Bacillus amyloliquefaciens MTase dimer dissociates into a monomer upon addition of DNA (36) . A similar process was observed for endogenous adenine M´CcrMI from C.crescentus (37) . Moreover, NMR studies have shown that the complex of M´HhaI with DNA corresponds to the protein monomer bound to a single DNA duplex [based on the estimation of complex molecular weight (38) ]. On the other hand, in the absence of DNA, MTases exist predominantly as dimers, especially at high protein concentrations (36,39±41). However, two reports have described MTases as monomers in solution (42, 43) .
In the structure of M´MboIIA, the asymmetric unit contains two tightly associated monomers having an interface area of 1900 A Ê 2 [for each monomer, based on the buried surface accessibility calculation contained in the CNS suite (25) ], suggesting extensive interactions. The same residues in both monomers are involved in forming this interface. Contacts are made by helix aE (residues 76±87), strand b6 (residues 93± 98), loop b6±b7 (residues 100±116), loop b7± aF1 (residues 126±132), helix aF (residues 142±146) and strand b8 with four preceding residues (residues 168±174) (Fig. 4) . The monomer±monomer interactions involve several hydrophobic contacts, hydrogen bonds and water-mediated interactions. The extent of subunit contacts strongly suggests that the two molecules in the asymmetric unit represent the biologically relevant dimer. To con®rm this hypothesis, we cross-linked the protein with glutaraldehyde in the presence of AdoMet. The results (Fig. 5 ) demonstrated that at low protein concentration M´MboIIA co-exists in both monomeric and dimeric forms. To further con®rm the existence of dimers, we examined the protein using DLS and size exclusion chromatography. The protein molecular weight estimated by DLS was 63.7 kDa and the sample was monodisperse. This is in good agreement with the calculated weight of the protein dimer based on the amino acid sequence (60.3 kDa). The control values obtained for a 67 kDa albumin and a 43 kDa ovalbumin were 69.9 and 41.1 kDa, respectively. We were not able to detect any protein peak in the area corresponding to the M´MboIIA monomer (30.15 kDa). However, it should be noted that DLS is less sensitive for small molecules. In the case of size exclusion chromatography, we observed a single protein peak corresponding to an estimated molecular weight of 44 kDa. The peak was sharp at its leading edge and slightly diffused at its trailing edge suggesting that a fraction of smaller molecules were separated on the column or that the dimers and monomers. The presence of DNA is likely to perturb this equilibrium by lowering the concentration of free monomers in solution. Further biochemical and structural analysis aimed towards a thermodynamic understanding will be required to resolve this interesting aspect of M´MboIIA dimer dissociation into monomer upon addition of DNA.
Thus, it is likely that the dimer observed in the crystal corresponds to the dimer found in solution. This assumption is strengthened by the observation that exactly the same orientation and a similar subunit interface of~1500 A Ê 2 between two symmetry-related molecules was observed in the structure of M´RsrI (16) . Thus, we propose that our structure provides a model for the dimer structure of the b-class MTases. Interestingly, we were not able to identify similar protein interactions in the other known MTase structures [even in the case of M´DpnII (12) which was shown to be a dimer in solution (40)], suggesting that the crystallization conditions may affect monomer±dimer equilibrium or that crystal growth favors the dimer form of the protein.
AdoMet and nucleoside-binding regions
The structure of M´MboIIA revealed the cofactor AdoMet to be bound to the protein (Figs 6 and 7A) which correlates with other structural studies performed in the absence of DNA. The cofactor-binding pocket is lined with residues 30 and 220± 225. Residues 10±12, 30±31, 196±197, 241±243 and 246 create the sides of the pocket. Direct hydrogen bonds are formed between the AdoMet molecules and amino acid residues C12, D30, K197, S223, T225 and D241. These contacts (Table 3) structures (12, 18) . The only signi®cant difference is more extensive binding of the AdoMet terminal oxygens by residues P196, K197, S223 and T225. Although the overall number of bonds in the AdoMet pocket of M´MboIIA is similar to other MTases, the shape of this pocket is clearly different from other analogous enzymes. Until now, the available crystallographic data suggested that AdoMet pockets are open cavities at the protein surface (Fig. 7B) (16) . In the case of the M´MboIIA structure, we observe the AdoMet molecule is almost completely buried inside the binding pocket giving rise to a closed cofactor-binding pocket (Fig. 7A) . Residues W40, T195, M242, N243 and Y246 encapsulate the cofactor-binding site with the side chains of W40 and M242 forming a bridge over the AdoMet adenine ring. As the binding site has to be accessible to the cofactor before complex formation, it follows that the AdoMet pocket has to be¯exible and is able to undergo a conformational change to allow binding of the cofactor in the pocket. This could be achieved, for example, by swinging out of the loop region 36±44, similar to the observed loop motion in another MTase, spermidine synthase (45) .
The possibility that the closed conformation of the AdoMetbinding pocket in M´MboIIA is a consequence of crystal packing can be excluded. There are two monomers in the asymmetric unit with different packing contacts and this same conformation of the AdoMet-binding pocket. Only Ser10 forms contacts with a neighboring symmetry-related molecule in the crystal. This residue is responsible for forming the side of the pocket at the C2-N1 end of the AdoMet adenosine ring and does not contribute to the pocket closing. Furthermore, no distortion of the protein geometry in the pocket region was observed and all side chains encapsulating the AdoMet molecule have adequate space to occupy alternate conformations.
The putative region of M´MboIIA responsible for adenine nucleotide binding, motifs IV (residues 23±35), VI (residues 68±75) and VIII (residues 104±117), is in good agreement with the analogous regions of other MTases. However, there are differences in the surface shape of the nucleotide-binding region compared with the other b-class MTases. M´PvuII and M´RsrI MTases have well de®ned nucleotide-binding pockets with cavities that complement the shape of their substrates (16) . In the case of M´MboIIA, there is no clearly visible cavity matching the nucleotide shape. Additionally, the M´RsrI pocket has a slight negative charge (Fig. 7B ) that is 
DNA recognition by M´MboIIA
Putative regions of M´MboIIA responsible for DNA binding, base¯ipping and recognition of speci®c DNA sequences are located in a typical array of loops and MTase conserved motifs. The loop originating from strand b6 and ending with strand b7 (residues 92±123, including motifs VII and VIII) is proposed to bind DNA in the minor groove (12, 16) . There is a sequence of three basic and one hydrophobic residue Lys109± Arg110±Arg111±-Phe112 at the tip of the loop which can interact with DNA. Similar structures having one basic residue and a couple of hydrophobic residues at analogous positions were observed in M´DpnII, M´PvuII and M´RsrI (12, 15, 16) . The loop-rich TRD region is formed by residues 124±197 and is located between strand b7 and helix aZ (residues 124± 197) and includes helixes aF1 and aF, and strand b8 connected by loops. This region forms a protruding arm which may interact with the DNA major groove. The shape of the loop closely resembles the analogous region of the M´RsrI. The only signi®cant difference is the absence of helix aG which may result from differences in crystal packing for M´MboIIA. The model of M´MboIIA presented here omits residues 177±193 which correspond to residues 212±223 in M´RsrI forming a part of a loop strap (16) . The presence of a high number of basic (11 of lysine and 5 of arginine residues) and hydrophobic residues in this loop should ensure speci®c binding to DNA. As in the case of the M´RsrI (16), the TRD loop of M´MboIIA is located on the face of the structure opposite to the AdoMet-binding site (the same face which is involved in dimer formation). Such a situation creates a large distance between the TRD loop binding to the speci®c DNA sequence and the AdoMet molecule that donates a methyl group for DNA modi®cation of the same sequence. From the structure it is clear that this loop region contains inherit exibility; differences of its position in the two subunits of the asymmetric unit illustrate this as well as the differences of the loop orientation observed in M´MboIIA and M´RsrI structures. The loop conformations in our structure are clearly affected by the M´MboIIA dimer formation and dissociation of the MTase dimers into monomers in the presence of DNA may change both the protein and loop conformations.
Due to the expected conformational changes in the structure associated with monomer±dimer equilibrium and DNA binding, we are not able to answer how M´MboIIA binds to asymmetric DNA target sequence. This problem should be solved after obtaining crystals of the enzyme in complex with DNA in a similar manner as reported for M´TaqI (19) .
